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Abstract. We present the latest measurements on masses, lifetimes and branching fractions for the 
Bs and Be mesons as well as for Z^-baryons. For the B^ meson we discuss as well the latest results 
on mixing. These results were produced by the CDF and DO experiments at Fermilab or by earlier 
LEP and PEPII experiments. 

INTRODUCTION 

In this paper we are reviewing recent results on tlie properties of heavy B mesons 
and baryons. These include mass, lifetime and branching fraction measurements. For 
the Bs meson we are also reviewing mixing. The majority of the experimental results 
reported in this review come from the CDF and DO experiments at Fermilab recording 
pp collisions at y/s =1.96 TeV. Some of the reported results come as well from earlier 
e+e experiments at LEP and PEPII. 

This paper is organized as follows. In section 1 we report briefly on the performance 
of the Tevatron, the main features of the CDF and DO detectors as well as their B physics 
data sets. In sections 2 and 3 we describe results on the B^ and 5^ mesons respectively, 
and in section 4 we describe results on Z7-baryons. In section 5 we discuss conclusions 
and prospects. 

1. TEVATRON AND THE CDF AND DO DATA SAMPLES 

From August 1992 to February 1996 (Run I) the CDF and DO detectors collected data 
samples of approximately 110 pb^^ each of pp collisions at ^ =1.8 TeV. In Run I 
the crossing time was 3.5 lis for 6 bunches and the typical luminosity of order 10^^ 
cm^^sec^^ Run II physics quality data started in March 2002. By September 2005, the 
Tevatron has delivered more than 1 fb^ of data to each of the CDF and DO detectors of 
pp collisions at ^/s = 1.96 TeV. In Run II the crossing time is 396 ns for 36 bunches and 
the typical luminosity so far of order 10^^ cm^^sec^^. 

For the B physics results reported here, CDF uses up to 360 pb~^ of data while DO 
uses up to 490 pb^^ of data. These data sets are collected with three major trigger cate- 
gories: dilepton triggers, single lepton triggers and triggers with displaced vertices. The 
dilepton triggers provide millions of 7/v^'s, ~ 80% of which come from b decays. The 
single lepton triggers provide a large sample of Z?-hadrons decaying semileptonically, 
and sample sizes of up to ~ 100 thousand lepton plus D events are achieved. The trig- 



TABLE 1. Summary of new Z?'' lifetime results 



CDF 7/ 1// modes DOJ/xj/ modes 
240pb-i 220pb-i 



CDF hadronic 
360 pb-i 



DO semileptonic 
400 pb 1 



T(B?) ps 



1.369±0.100 
0.890±0.072 



1.444±0.096 1.598±0.097±0.017 1 .420±0.043±0.057 
0.980±0.073 



gers with displaced vertices provide a large number of ^-hadrons decaying hadronically. 
From these samples several thousand of fully reconstructed hadronic b decays are ob- 
tained. At present only CDF implements this type of trigger. 



Using 220 pb^ of Run II data CDF was able to present the most precise individual 
measurements, to date, for the masses of 5^, 5^ and [1]. These measurements 
were made with exclusively reconstructed final states containing ay/v/^/i+/i, and 
the systematic uncertainties achieved for the B meson masses were of the order of one 
third of an MeV. 

The 5^ mass measurement was made by reconstructing 185±13 signal events in 
the decay channel 5^ —> 7/1/1^0 where <j> — > K'^K~, and the mass was measured to 
be m(5°) = 5366.01 ± 0.73(stat) ± 0.33(syst) MeV/c^. This measurement has better 
uncertainty than the current world average (WA). 

The lifetime of Z^-hadrons is governed primarily by the decay of the b quark, however 
contributions from the spectator quarks can be up to ~ 15%. Presently these spectator 
effects are mostly calculated in the framework of the Heavy Quark Expansion Theory 
[2]. Theory errors on the ratio of the and lifetimes is of the order of 1%. 

A summary of new B^ lifetime measurements by CDF and DO is presented in Table 
1. Using 400 pb^ of Run II data taken with a single lepton trigger DO performed the 
best available, to date, measurement of the B^ lifetime (see Fig. l(left) and Table 1). 
With 360 pb~^ of Run II data and triggering on displaced vertices CDF has measured 
for the first time the lifetime of B mesons using fully reconstructed hadronic decays like 
B — > Dk or B ^ D3k; the small systematic error indicates a good control of the turn- 
on of the secondary vertex trigger efficiency (see Fig. 1 (right) and Table 1). The winter 
2005 HFAG WA for z{B^^) was 1 .479±0.044 ps for 5° ^ D+X decays and 1 .404±0.066 
ps for fully exclusive B^ ^ J/ \j/<j) decays [3]. 



Within the framework of the standard model (SM), the 5" mesons are supposed 
to mix in such a way that the mass and decay width differences between the heavy 



2. THE Bs MESON 
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FIGURE 1. (left) DO pseudo-proper decay length distribution for Z?'' semileptonic data with the result of 
the fit superimposed. The dotted curve represents the combinatorial background and the filled histogram 
represents the signal, (right) The lifetime projection from the combined mass-lifetime fit on the 
D; K+ decay mode at CDF. 



and light eigenstates, Am^ = Mh — Ml and AF^. = — F//, are sizeable. The mixing 
phase 50 is small and to a good approximation the two mass eigenstates correspond to 
CP eigenstates. New phenomena may alter 5(^, leading to a reduction of the observed 
AFj/F^ compared to the SM prediction. The frequency of the oscillation of the 5^(5^) 
flavor eigenstates into one another is proportional to the difference in mass between the 
two eigenstates and it is related to the CKM matrix element 

Two different types of analyses have been performed so far to access 5^ mixing: the 
first one constrains Am^ by measuring AF., while the second one is fitting the amplitude 
of 5^ oscillations {A{t) D x cos(Amst)). The status of those two analyses will be 
discussed in the following subsections. 

A measurement of both mixing frequencies Am^ and Am^ would yield a measurement 
of the ratio of the \ Vtd\ and \ Vts\ matrix elements, with a theoretical uncertainty of about 
5%, thus providing a strong constraint in global fits of the Unitarity triangle. If Am^ is 
too large to be directly measured, a measurement of AF, could serve instead, along with 
Aifid, in tests of the unitarity of the CKM matrix. 



Within the standard model Am^ and AF^ are related with the following theoretical 
relation [4]: 



Arris 2 mf %m^^_^^ ^ mj 



2 



AF, 3% ml 3 ml 
So, according to (1), measuring AF^ leads to Am^- as well. 



TABLE 2. Lifetimes and decay width difference for the 
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FIGURE 2. (left) AFs/rs vs average lifetime. The DO one-a contours are compared to a one-CT band 
for the world average measurement based on flavor-specific decays. The CDF measurment as well as the 
SM theoretical prediction are also shown, (right) Projection of the uncertainty on AFs/Fi as a function of 
integrated luminosity per Tevatron experiment in Run II. 



In order to measure the decay width difference, AF^, we need to disentagle the 
heavy and light mass eigenstates and measure their lifetimes separately. Since the 
mass eigenstates correspond also to the CP eigenstates, we can disentagle them 
by identifying the CP even and CP odd contributions to the final states. This is more 
staightforward when a pseudoscalar state decays to two vector mesons. The decay 
5^ — > is a pseudoscalar to vector-vector transition and is characterized by three 

amplitudes corresponding to transitions in which the 7/1// and ^ have a relative orbital 
angular momentum L of 0, 1 , or 2. The observed final state particles for the B^, B^ decays 
(jj.^ jj. K^K ) have definite CP which depends on L. Time-dependent angular analysis 
for Bs ^ J / together with lifetime measurements can help separate heavy and light 
mass eigenstates. 

In Table 2 we present the relative width difference between the heavy and light mass 
eigenstates, ATs/Ts, the average lifetime of the (5^, B^) system and the mean lifetimes of 
the light and heavy 5^ eigenstates as measured by the CDF [5] and DO [6] experiments. 

In Fig. 2(left) we show AF^/Fj vs average lifetime as measured by the CDF and DO 
experiments and in comparison with the theoretical expectation [7]. In Fig. 2(right) we 
show the expected precision on the measurement of AF^/r^, as a function of integrated 
luminosity per Tevatron experiment. The estimate presented here is based on DO studies 



and the assumption that the CDF net sensitivity is about the same (CDF has a better 
mass resolution, hence less background under the signal, while DO has a larger polar 
angle coverage) [8]. 



Very precise measurements of Am^/ have been available for some time, and are cur- 
rently dominated by the results of the B factories [9]. Recent CDF and DO measurements 
are consistent with those results [10]. 

Am^ is constrained to be larger than 14.5 ps^^ at 95% CL from previous work by the 
LEP experiments, SLD and CDF (Run I). On the basis of the same work the sensitivity 
(expected limit) is equal to 18.2 ps'^. Both CDF [11] and DO [12] have recently obtained 
new limits on Am^. 

Using 355 pb~^ of Run II data CDF made two parallel measurements for Am^ us- 
ing both fully reconstructed hadronic decays and semileptonic decays with a fully re- 
constructed Df meson. In the former case about 900 5^ Dfn^ were reconstructed 
after summing over three possible Df decay modes: ^n^, K*'^K^ and 7r^n~n^. The 
semileptonic analysis yielded about 7500 5^ — > Dfl^v events summing over the three 
above mentioned Df decay channels, however the proper time resolution was worse be- 
cause of the incomplete knowledge of the decay kinematics due to the missing neutrino. 
For the results presented here flavor tagging was performed using only opposite -side 
taggers. The tag sign is provided either by the sign of the electron or muon or by the 
average weighed charge of the tracks in a jet. A combined tagging power (eD^) of the 
order of 1.4% was obtained. 

CDF performed an amplitude scan as a function of Am.v [13] on both samples and then 
combined them to obtain a 95% CL limit of 7.9 ps ^ and a sensitivity of 8.4 ps ^ . In Fig. 
3 (left) we show the amplitude scan result which is clearly dominated by the statistical 
error. 

Using 460 pb^ of Run II data DO measured Am^ in a large semileptonic sample 
of — > n^DjX decays where the D^ is fully reconstructed. The opposite-side muon 
tagging method was used for the initial state flavor determination and the tagging power 
was of the order of 1 . 1 %. 

In Fig. 3(right) we show the DO amplitude scan as a function of Am^. A 95% CL limit 
of 5.0 ps^^ and a sensitivity of 4.6 ps^^ were obtained. 

These new results have not improved yet the Am^ > 14.5 ps~^ WA limit, but have 
extented the sensitivity to 18.5 ps~^. 

In Fig. 4(left) we show the 5c7 observation projected sensitivity of Awv for the com- 
bined hadronic and semileptonic CDF analyses as a function of integrated luminosity per 
Tevatron experiment in Run 11 [8]. The improvements assumed are listed in the figure. 
Similar projected sensitivities were assumed for the CDF and DO experiments. The hor- 
izontal axis is interpreted as integrated luminosity per experiment under the assumption 
that only half of the delivered luminosity is effectively usable by the experiments. 

The value of Am^ predicted by SM on the basis of the analysis of all available B and 
Kaon physics data is Am^ = 18.5±1.6 ps~^, and the expected 95% CL range 15.7 to 23 
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FIGURE 3. (left) CDF amplitude scan combining hadronic and semileptonic signals, (right) DO 
amplitude scan using semileptonic signals. 
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FIGURE 4. (left) Anis sensitivity as a function of delivered luminosity per Tevatron experiment in Run 
II. (right) The CDF K+K^K+K^ invariant mass distribution from the decay B^ ^ 00. 



ps [14]. All SM extensions predict a larger value, of at least 30 ps 



Branching fractions - Rare decays 

CDF presented the first evidence of charmless decays of the 5^ meson, 5^ — > ^0 
on the basis of 179 pb^ of Run II data. A "blind" search was performed fixing the 
selection requirements and evaluating the combinatorial background from independent 
samples before examining the signal region in the data. The ^ candidate mass 
distribution is shown in Fig. 4(right). In a region of ±72 MeV/c^ around the world 
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FIGURE 5. Invariant mass distribution of n+n~K+K~ from the decay B° V^(2S)0. The fitting 
function is a single Gaussian for the signal and a first order polynomial for the background. 



average mass, corresponding to a window three times the expected mass resolution, 
8 events were observed. Using the 5^ ^ 7/i//0 sample for normalization CDF derived 
Br{B^ (j)^) = {14~^^{stat) ±6{syst))xl0^^ . The corresponding theoretical predictions 
vary in the range 18-37 x 10^^. 

Using 360 pb^ of Run II data CDF presented as well the first observation of the de- 
cay 5° V^(2S)(^ in both the \j/{2S) ^u^M" (5-02 a) and \]/{2S) J/xj/n+n- 
(4.16 o) decays for a combined significance of 6.35 o. Figure 5 shows the 
jl^lA K^K invariant mass distribution with a fit to the data superimposed. Using 
the 5^ — > J /\i/^;J /xif l-i^l-i signal as a control sample and for normalization, CDF 
derived Br{B^. \if{lS)(^) / Br{B^^ J/\j/^) = 0.52 ± 0.13 (stat) ± 0.06 (BR) ± 0.04 
(syst). 

Within SM, Flavor Changing Neutral Current (FCNC) decays are highly suppressed 
and can only occur through higher order diagrams. The SM expectations for the branch- 
ing ratios of 5° jl+il and 5° ^ jU+jU" are Br{B^^ l^^l^^) = (3.42 ±0.54)xl0-9 
and Br{B^ M^M") = (1.00±0.14)xl0~^° [15], which are about two orders of mag- 
nitude smaller than the current experimental sensitivity. However, new physics contri- 
butions can significantly enhance these branching fractions. 

For the 5^ lA^ji , both CDF and DO performed "blind" search analyses and used 
the 5^ J /\ifK^ decay as a control sample and for normalization. Using 240 pb^^ 
of Run II data DO found 4 5^ candidates on an expected background of 4.3 ±1.2 
events and established an upper limit of 5r(50 ^ < 3.7x10-^ at 95% CL. 

Using 364 pb^^ of Run II data CDF also searched for the 5^^^^^ — > jl^ jl decays. 
As shown in Fig. 6(left) CDF observes no candidate events within the signal window 
of ± 60 MeV (±2.5 o) about the world average of 5^ or 5^ mass. They expected 
0.81±0.12 and 0.66±0.13 events for the central-central and central-extension channels 
respectively. They established limits of 5r(5^ l^^ l^^) < 2.0x10"^ and Br{B^i 
< 4.9x10-^ at 95% CL. 




FIGURE 6. (left) The pi^pi^ invariant mass distribution versus likelihood ratio for events satisfying 
baseline requirements for central-central (solid triangle) and central-extension (open circle) channels. The 
(solid box) and bPj (dashed box) signal regions are also shown, (right) The expected limit on the 
branching ratio of B^] —t jJ-^jJ.^ as a function of delivered luminosity per Tevatron experiment. 

Using a Bayesian integration technique and taking into account correlated and uncor- 
related systematic uncertainties the combined CDF and DO limits are 5r(5^ — > jU+jU") < 
1.6x10"^ and 5r(5|) l^^l^^) < 3.8x10"^ at 95%. In Fig. 6(right) we show the ex- 
pected 5^ — > /i^/i limit projection from CDF as a function of the delivered luminosity 
per Tevatron experiment in Run II. The projection is based on the current CDF optimiza- 
tion of the selection requirements. A re-optimization at about 1 or 2 fb^ of luminosity 
could help improve this projection. 

Using about 300 pb^ of Run II data DO performed a "blind" search for the decay 
— > jU+/i^0. They expected 1.6±0.4 background events and they observed none in 
the search window. They established a limit of Br{B^ ii^ii^^) < 4.1x10"^ at 90% 
CL. 



3. THE Be MESON 

The Bf meson is made of a bottom-charm antiquark-quark pair. Nonrelativistic potential 
models predict the b and c quarks to be tightly bound with a ground state mass in the 
approximate range 6200-6300 MeV/c^ [16, 17, 18]. Recent QCD-based perturbative 
computations up to ^{af) predict M(5c) to be 6307 ± 17 MeV/c^ [19]. Most recently, a 
three-flavor lattice QCD calculation obtains M{Bc) = 6304 ± 12(stat © syst) (cutoff 
effects) MeV/c^ [20]. The predicted Bf lifetime is in the range of 0.4-1.4 ps [21]. 
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FIGURE 7. The invariant mass distribution of the Jjx^n^ candidates and results of an unbinned 
likelihood fit in the search window. The inset shows the peak section of the distribution. The broad 
enhancement below 6.2 GeV/c'^ is attributable to partially reconstructed fi^ mesons. 

Mass and lifetime 

The CDF collaboration made the first observation of the Br^ meson in the semileptonic 
decay channels J/'^l^ViX, in a sample of 110 pb~^ of data in Run I [22]. With 
a signal of 20.4+gg events, the Bf mass and lifetime were measured to be 6.40 ± 
0.39(stat) ± 0.13(syst) GeV/c^ and 0.46 +° (stat) ± 0.03 (syst) ps respectively. In 

August 2004, the DO Collaboration reported a preliminary observation of a Bf signal in 
the decay channel Bf ^ 7/i///i^ v^X in a sample of 210 pb^^ of Run II data [23]. On the 
basis of 95 ± 12 ± 11 signal events their analysis yielded a Be mass of 5.95^Q |3(stat) 
± 0.34(syst) GeV/c2 and a lifetime of 0.448 +JJg (stat) ± 0.121 (syst) ps. 

Using approximately 360 pb~^ of Run n data CDF searched for the exclusive decay 
mode — > // ^m^. The search window was chosen to correspond to the ±2 standard 
deviation region around the CDF Run I measurement of the Bf mass; it was 5.6-7.2 
GeV/c^, approximately 100 times wider than the expected Bf mass resolution. A global 
unbinned likelihood fit to the // v/;r^ spectrum over the entire mass range yielded a Bf 
mass of 6285.7 ± 5.3(stat) ± 1.2(syst) MeV/c^ for a signal of 14.6 ± 4.6 signal events 
on a background of 7.1 ± 0.9 events within a region of ±2 standard deviations from this 
mass value (see Fig. 7) [24]. This peak is consistent with a narrow particle state which 
decays weakly, and is interpreted as the first evidence for fully reconstructed decays of 
the Bf meson. The probability that a random background fluctuation would generate 
such a peak anywhere in the search window was calculated to be 0.012%. The mass 
value agrees with the much less precise mass values found in Bf semileptonic decays. 
There is also good agreement with recent theoretical predictions for the Bf mass around 
6300 MeV/c^ [19, 20]. 



> 

(5 
in 
d 

0) 
Q. 

cn 

0) 

ra 
■a 
^ 
c 
ra 
O 



80 E 
70 j 
60 j 
50 j 
40 j 
30 j 
20- 
lOj 

oj 



CDF Run 2 Preliminary: -360 pb" 



Signal MC (Mass(B J=6.271 GeV) 



10 



12 



Mass(niie) (GeV) 



4gCDF Runll Preliminary: L = 360 pb 

J/\|/|j,X candidates 
□ - Total background 




3 4 5 6 7 

Mass(J/\|r|a,-) 



8 9 10 11 

[GeV/c ] 



12 



FIGURE 8. (left) J/y/e mass distribution for total background and data, (right) J /^ji mass distribution 
for total background and data. 



Branching fractions 

Using 360 pb^ of Run II data CDF perfonned the Bf search in semileptonic channels 
as well. A signal of 1 14.9 ± 15.5 (stat) ± 13.6 (syst) events (5.9 o) was observed in the 
Bf J l\^e^v channel (see Fig. 8(left)). The cross section times the branching fraction 
for B^ J/y/e^v relative to B^ J/\\fK^ was measured to be 0.282 ± 0.038(stat) ± 
0.074 (syst) in the kinematic region of Pt{B) > 4.0 GeV/c and \y{B) \ < 1.0. Similarly, 
an excess of 59.1 ± 12.5 events (5.2 a) was observed in the Bf J /yrpi^v (see Fig. 
8(right)). The cross section times the branching fraction for Bf — > J/xifn^v relative to 
B^ — > J/y/K^ was measured to be 0.249 ± 0.045(stat) toojl (syst) in the kinematic 
region of pt{B) > 4.0 GeV/c and \y{B) | < 1.0. 



4. fi-BARYONS 

As discussed earlier, using 220 pb^ of Run II data CDF was able to present the most 
precise measurement, to date, for the A^ mass [1]. The A^ mass measurement was 
made by reconstructing 89±10 signal events in the decay channel A^ J /yfisP where 
A*^ pTt^ and7/i//— > ii^ ii^ . The mass was measured to be m{Ah) = 5619.7 ± 1.2(stat) 
dz 1.2(syst) MeV/c^. This measurement has better uncertainty than the world average. 

Using 250 pb^^ of Run II data DO reconstructed 61 ±12 signal events in the exclusive 
decay channel A^ — > J/\]/A^ where A^ — > pn^ and 7/i/A — jl^jl and measured the 
A^ lifetime. The A^ lifetime was determined to be 1.22+o jg (stat)±0.04(syst) ps [25] 
(see Fig. 9). The winter 2005 HFAG world average for t(A^) was 1.232±0.072 ps and 
t(A^) /t(5°) equal to 0.806±0.047 [3]. The S/, lifetime has not been updated recently. 
The winter 2005 HFAG world average is equal to 1 •391q ps and it refers to a mixture 
of and E^. This value is based on older measurements performed by the DELPHI 
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FIGURE 9. Proper decay length distribution for AJJ candidates. The points are the data, and the soHd 
curve is the sum of fitted contributions from signal (gray) and the background (dashed-dotted line). 
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FIGURE 10. (left) The M(pK7r) invariant mass distribution (right) The M(Ac;r) invariant mass distri- 
bution. The results of an unbinned likelihood fit are superimposed on the histograms and a x'^ probability 
is calculated. 



and ALEPH experiments. 

Using a Run II sample of 173 pb^ CDF presented the first measurement of the ratio 
of branching fractions Br {Ah A+/i^vju)/ Br{Ah A+;r^) which is a good test of 
HQET. This analysis used the displaced vertex trigger and reconstructed 1237±97 B 
A^jl^X decays (see Fig. lO(left)) and 179±19 A^ A+;r^ decays (see Fig. lO(right)). 
In the process of this analysis CDF also observed several A^ semileptonic decays 
which have never been seen before: A^ Ac(2593)+jU"X, A^ Ac(2625)+jU"X, 
AJ ^ iP^n+^-X, and A^ -> Y.-^+n-pL-X. They measured the Br{Al ^ A+Zi-y^)/ 
5r(A° ^ A+;r-) to be equal to 20.0±3.0(stat)±1.2 (syst)+§;^(BR)±0.5 (UBR), where 
UBR stands for unmeasured branching fractions. 



5. CONCLUSIONS-PROSPECTS 



More than 1 fb~ of pp collisions has been already delivered by the Tevatron, and 
many new results have been recently produced by the CDF and DO experiments. As 
the Tevatron is expected to provide between 4.1 and 8.2 fb^ by October 2009, a lot of 
answers to explored and yet unexplored questions and a lot of surprises are awaiting. 
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